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Introduction

In studies of the effectiveness of fragmenting anti-aircraft
projectiles against airaraft targets, the destruotive power of the fragments
from a projeotile is matched against the resistance of the airoraft components
to damage, and a caloulation is made of the probability that the target is
defeated, taking into account the cambinations of components which must be
damaged in order to bring about this end. It is fundamental to this work
that the following should be known for any relative position of projectile
burst point and targett

(a) Which components of the target are struck by fragments,

(b) How many fragment strikes are to be expected on any component or,
equally well, what solid angle does the compomen:t or that portiod of
the component within the fragment beam subtend at the point of
burst.

(o) At what distance is the burst fram each of the oamponents struck.

The aocurate determination of this information by thearetiocal methods
involves considerable ocamputation, Attempts have been made, notably in
References 1, 2 and 3, to put forward methods of oalculation of weapon effeo—
tiveness in which the use of approximstions overcomes the necessity faor
acourate determination of the above information. Whereas these methods provide
a useful means of calculation within the limitations of the epproximations,
these approximations are demonstrably wuntrue if the linear dimensions of the
components and their distances from the centre of the airaraft are of the same
order as the burst distance of the projectile, ' These conditions arise in
particulsr in assesaments involving multi~ocamponent airaraft ard the larger
components, such as -the structure or the fuel tanks.

As the problem of determining the solid angle subtended by such a
component of irregular shape by theoretical means is most forbidding,
recourse has been made to direot measurement at model scale, and an experimen-
tal simulatar has been built for this purpose, This Mark 1 simulator is
necessarily orude and does not inocorporate all desirable features, but it has
none the less operated for the past eighteen months and much useful work has
been done, After experience had been gained in operation of the Mark 1, a
specification for a Mark 2 simulator was issued and the apparatus is now
nearing campletion, This simulator differs from the first in that engineering
design has been improved and acouraoy is carrespordingly greater, Two major
and several minor modifications have been made to the method of operation.
At the same time as the specifiocation for the Mark 2 was written, a research
contract was placed to investigate the use of automatic methods in oconjunotion
with simulators; as a result a Mark 3 model, in which operator time is out %o
a minimm and autamatic recording of data is employed, is likely to be
available in June, 1954.

The general theory ooncerning ths representation of the anti-airaraft
engagement at model socele appliss to all versions of the simuatar and will
therefore be given before detailed desoriptions of the various versions,
Illustrations will however be taken from the existing Mark 1 model in order
that the developments in design of the later simulators will sppear in the
proper ohronologioal order, The tnree Marks of a simulatar are desoribed in
detail in Appendices 4, B and C and an socoumt of some of the work done to
date is given in Referenoces 4 and 6.

TR
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General Desaription of the Simulator
2.1 The simulator oconsists, in essence, of an optiocal source which emits

light to represent the beam of fragments from a bursting projectile,
and a model target ajiraraft in which the various oomponents vulmerahle to
fragnents are showmn. The parta of the target struok by fragments are taken
to be those which are illuminated by the light mourse, The term “fragment®
is used here in its widest sense and includes any type of inert fragmemt, or
any sub~projectile specially designed to attack partioular components of the
target,

In order to define the relative position of the point of hurst with
respect to the centre point of the target f:efined as a point on the axis of
the fuselage selected as convenient) a coordinate svstem is used with the
oentre point of the target as origin,

In the Mark 1 simulator a Cartesian system is employed, with the x
and x axes horisontal and the y axis vertical; the relative positiom of the
missile burst to the target is set up by moving the target in the x and x
directions and the light source in the y direction. A cylindriocal polar
system is employed in the Mark 2 and is envisaged for the Mark 3 simmlateo,
in order that ocylindrical polar coordinates of burat points obfained in the
A, D.B. fuse burst pattern simulatm®™ may be transferred without conversion,
The s axis in this system is vertical in both the Mark 2 and the Mark 3 models.

The £ axis 1is taken to represent a fixed direction in the engage-
ment under consideration, as oonvenient to the work in hand, The choice of
this fixed direction has in the past rested betwsen the direotion of the rela-
tive veloocity between missile and target amd that of the central trajectory
(the line through the target cemntre parallel to the oourse of the missila),

It 15 esmsential that the target oowrse be shown in its ocorreat
orientation with respect to the g axis; the details of this setting and the
desoription of the system of coordinates, of angles, and of their relation
to other systems in common use, is given in paragraph 3.

Model airaraft are used each consisting of a wire framework into
which are fitted models of the vulnerable components and of those partions
of the target likely to shield these ocomponents. In certain oases, when the
camplete structure of the target is regarded as vulnerable, solid models are
used, The detalled construction of the aircraft varies in the three sim-
lators and is described in later paragraphs,

The majority of fragments from a bursting projectile are thrown out N
in a volume enclosed by the surfaces of two oones, the comnon axis of the )
oones being the axis of the missile, It is the function of the optiocal hesd .
to simulate this beam of fragments by light emitted from a point sowroe,
bounded in such a way as to give the correct besm width and orientation, Feor
simplicity of operation at the outset, the assumption is usually mede that the
density of fragnents within the beam is oonstant, However, in particular
cases a varying density can be introduced into any problem by splitting up the
beam into small elements, to be oonsidered separately, such that the density
over anyone element may be oconsidered uniform.

The optical head can be set up to show either the bemm of fragments
from a statio missile or the "dynamio™ beam from the missile in flight,
8inoce the fragments from the missile take a finite time to reach the target,
and sinos in that time the target moves along its direotion of flight, a
fragment which hits a ocomponent does not travel along the line Joining the
burst point and the position of the component at the time of burst, It
travels instead, along a line whose direction depends iupon the ratio of the
fragment velocity to the target speed., Target travel must therefors be
allowed for in determining the ocomponemts of the airaraft which are struok
by fragaents; this is done by setting the “dynamio™ beam on the optical head .
and moving the target along its direction of flight by an appropriate amount.
This operation and two altermative, but less fevoured, methods of simulating

R gee A.D.E. V.T. Puse Technical Note No, 32.




the effeat of target travel during fragment flight ars desoribed in detail
later in the text (para 4.2).

- When all adjustments have heen made, the information required as
listed in para 1 may be obtained by direct measurement.

3«  Desoription of the Coordinate Systems Used i

3.1 Position of burst relative to thetarget cemtre |

‘ The following system of rectangular Cartemisn coordinabtes is used in
' the Mark 1 simulator to define the harst position of the misxile, relative to
the target:

Origint the target cenire, 1.6, & point o the fuselage axis chosen
arbitrarily as oonvenient

s axis: a oonvenient fixsd direotion in the engagement under omsideratiom. -
This is usually teken to be either the direotion of the relative
velocity of missile and target or the central trajectory.

These direotions are, of cowrme, the same in the oame of direct s
nhead:rutomnttndm. The x axis ix horimontal in the Maxrk 1 |
m‘oro !

y axis: a line perpendicular to the x axis, and vertioal in the Mark 1
similator,

x axist the line perpendioular to the two axesx defined above, and with
the positive direction appropriate to a right~handed, system of
axes, It is horizontal in the simulatmr,

Yor the Mark 2 similator, oylindrical polar comrdinates have been
chosen in order that burst positions may be transferred direct from the A.D.E.
fuse burst pattern sinulator, as followss

x axist as in the Mark 1 Cartesian system, The x axis is wertical in
the Mark 2 simulator.

r and ¢ in the plane perpendicular to the s axis.
The same cylindricel polar system is envisaged for the Mark 3

simulator. The conversion from the Cartemisn to the polar system is dis~
. oussed in pars 3.4.

3.2 Orientation of the Target Course

, In addition to the relative positions of target and missile it is
also necessary to simulate the orisntatian of the target cowrse with respeoct
to the line taken as the s axis, and the given data will in general include
the following itemst

. (a) The velocity U, of the target (whioli is asmmed at present to be :
flying a straight and level course). i

(b) The missile veloaity, V.
(o) Two of the following three angles (mee Pig. 1)3
B = the course angle, 1.6, the angle between the target course and oy
the projection of the oentral trajectory in the plane of the winga
‘ (Angle T0Q in Pig. 1),

0 = angle between the oentral traject amd its projeotion in the
plane of the wings (hshcminm-oﬁ

|




7 = angle between the omtxral trajectory and the targest course
(Angle 700 in Pig. 1), ,

Ay two uf these angles together define the direction of the central
trajectory, qd are comeoted hy the following equations

cos P oos 0 = cos N,

Fron the abowe data it is possible to ocaloulate the magnitude, Vp,
of the relative velooity of missile and target, and its direction, defined
by sngles B, A, 0, correspending to B, 0 and n respectively (see Fig. 2).

The line through the target cemtre, parallel to the relatiwe veloocity, is
mbsequently referred to ax the Vp line,

Using a reoctangular Oartesisn system of coordinates O(a, b, o) with
origin 0 at the target centre, Oa along the taxrget cowrse and Oc dioular
to the plane of the wings (mee Fig. 3), with mnit vectars 1, J and k along On,
O snd Oo respectively:

Target veldaity =1,
missile velooity =¥ cog0 0o Pl=VoosOsinP j+Vsinbk,
tharefore relative veloalty = ~(TeV com 6)cos B) 4V oos O sin P J+ Vein 6k,
alsq,relative velooity =>¥p cox Aocos B LV cos A sin B ] + Vyy sin Ak,
sa that /] m(U*+V ¢« AV coxs Boom &  ......... (1)

Again, equating vectar cosfficients in the two expressions for
relative velocity, we mea that

VR oos Aooa BxU+ ¥ oos 0ocos B,

Vpoos A sin B= YV cos O sin B,

ad Vg sin A = V sin 6,
-] Y
ml m‘lL;ﬁg— = W +'.*’ 2V #@l e)i, X (2)

¥ 0
md mn = T%;%_i » QPPN PSS 0000000 0ERCOSTIICEIOSNS (3)

while from Fig. 2 we note that cos C = cos A oos B,

It is also necessary to know the sngle y between the Vp line and the
osntral trajectory. JFrom the triangle of velocities in the common velocity
plane we see that this is given by the equation

lin-Y- m

R

The Opticel Head and ita Use

It is the purposs of the optiocal head to simulate the projection of
fragments from a bursting projectile. The oconstruwotion of the head in the
Marks 1 amd 2 simulators is similar in principle, but that in the Mark 3 is
radicelly differsnt. The basic theory given below applies, however, to all
models,
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suile may be dasigmed ta giw fragasntx of am or other of
two typest

(2) Prageents from a 'nafurally® fragmenting missile ar shell, which
vary in ahspe anl mass over a considerable range, The maxs die~
tribution may he determined approximately frem the equatioma

Pi = oxp(-ii »
where Py = the proportiom of the total mmber of frageents of mass >my,

M, = the 'fragmentation parameter®, which is dstermined by the mimsile
geometry, the stesl md exploxive of the missile (Ref, 5). The fragemts
vary in velocity ani density of distribution acxoss the besm,

(b) *Controlled’ fragments, which are of wniform mass and shape, md
normally are more wmifermly distributed across the beam, The
frageent velocity varies along the missile length but these
varistions sre not usually large.

A1l considerations of the mumber or type of fragments are left to
s late stage of the aalculstions, snd the optical hesd is oonocerned only
with simmlation of the direction of throw of the fragments.

he2 - Target Motiom

In the time during which the fragment trawvels to the target, the
target moves along its cowrse, The distanoce it mows is a fimotion of its
velocity (U), the fragesnt valcoity (Vp), snd the relative positions of the
target and misgile at the moment the latter is detomated. A ocomplication-
arises becmise the fragment velocity is not constant, since the frageent
suffers retardation dwe to air.resigtamoe,

Pig. b may be modified to allow for thia by amother weotorial
addition to the fragaent wlocities, which must vary as the distsnce from

-the missile inocreases, The result is the. owrved bemm of the type showmn in

Fig, 6 for a target passing directly overlwad, The grsphicsl problem is
more compliocated if the miasile courss snd target courss are skew lines;
the besm is not symmetriocal about any staniard reference line,

w
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The effeoct of target motion during fragment night may be represen-
ted by ome of three methods:

(a) by metting the distarted fragment besm (Pig, €) on the optical head,
It is of course not poasible to simmlate the curved limits of this
beam and the variation of ths fragment veloaity with distance dxwe
to retardation in sir must be negleoted. The fraguent veloaity
chosem can however, be takean as a mesn value consistent with somm
point almg the fragment path, The point chosen depends uwpon the
conditins of the engagement whioh is being considered, and the
shot distribution is a relevant factar., The variatiom of
initial velooity over the lemgth of the misgile also ocompliosates
choioe but as a general ruls,the velocity chosen should be & weighted
mean taking into acoount the mmber of sffective fragments from each
of many seotions of the missile availahle at the chosen distance
from the point of burst.

(b) by setting the dynamio beam on the optical head, Target motion is
then taken into account hy moving the model aircraft along its axis
by sn smount which is determined Ly suocessive approximations, smd
which varies with each compoment oconsidered,

(o) by metting the static beam on the optical head and moving the model
target by an sppropriate smount in the direction of the relative
velocity of missile mnd target.

In praoctice the second of these methods has béen found to be the
most convenient and has besn generally adopted, even though a mmall error
arises due to the fact that the direction alomg which the solid angle is
measured 1s the actual direction of flight of the fragment rather than the
direotion relative to the target.

The first method has been rejected because of the approximation
inwlved in the estimation of a mean fragment velooity and because of the
complicated nature of the design of an optiocal hesd to give the distorted
fraguent beam., The third method is undesirable owing to the largs distances
at model scale through which it would be neoessary to move the target.

It is emphasismed at this stage that, whichever method be used,
target travel must be allowed for before the record of those components
11luminated by the light beam is taken and their distances from the point of
burst are measured.

Solid Measurements

The physical conoept of the area presented to the fragments of a
besn by the wvulnerable components of an airaraft is complicated by the faot
that the fragments emanate from the burst point in many direotions, snd
there is no wnique plsne perpendioulsr to all direotions of
tion. For this reason the use of s0lid angle is preferred to that of
presented area,

The part of s vulnerable componsnt which lies within the boam of
fragments is indicated by the part of the compoment in the model target .
whioch is 1lluminated by tha light beam, when the target is in the position
reached when ths ocaponent is struck, The ratio between the s0lid angle
subtended ty the illmminated srea snd the solid angle contained by the
complete beam gives the proportion of the fotal number of frageents which
my be expected to hit the component under ounsideration, assuxing the
fragamt density to be uniform over the hemm width.

In the Mark 1 and Mark 2 simulators the solid angle subtended by
the illuninsted parts of the target is ssseased hy msasurement of the area

e i i 1
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» A comting devioce recards the mmbher of cages in which the target
model obstrwoks anl refleots the light heam s this record is then comverted
into a 20114 angle resding.

gﬂnofthhhﬁugmtnr

The data obtained fronk the simlator comeist of the mowledge of
which componexts are sprayed by the fragwemt besm, the distances of thame

s from the burst point when they are hit and the solid angle sub~
tended by them at the point of burst, The rmmainder of the ocaloxlatiom of
the lethality of a weapon is s theoretical operation.

Prom a knowledge of the mass, initial velooity and retardation of
the fragment apd the vulpersbility of the cmmsponent, graphs can be mepsred
to show the nmber of fragments from a misaile effective against a aompement
plotted sgainst distance,

The term ‘number of effective fragmmts® is defined as the prodwt
of the mmber of fragments from the missile and the probability that a hit
by any one of those fresgments will cause damags of the required kind,

If n(d) be the mmber of fragments effsctive in damaging a compo~
nent at distance d, and if these fragments be distributed wniformly ovar the
nt beam, then the probability of at lesst one effective hit on the

compoment is given by

s i

where ¥ is the s0lid angle subtended at the point of burst by the part of
the component within the fragment besm, and ! is the total molid angle over
which all the fragamts are spread, It is asmmed that /A is small amd
that n{d)w/ remains finite,

By this mothod, it is possible to calowlate the probability of

dsmaging a component of the target for any point of burst (x, y, x), this
probebility being mero if the oomponent is wholly outside the bemm of frag~

The probability of defeating a xingly vulnerable aircraft from &
burst at (x, y, 5) oan be obtained by considering the murvival probabilities
of eack of the components and may be written

W7y D = 1= () (1) coeeeer ()

Where Dy, Pa  seee Dy Are the kill probahilities on the m companents from a
burst at this point.

The probsbility (P) that the aircraft is defeated by a single ahat
is given by A
r=fll v &oa,
all
space
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Pe is the probability adistribution of fire control errcrs which
deternines the probability that the projeotile passes through
the elsment &x dy dx.

Pp is the probability that a misxile in the element of space dx dy ds
should burst these, and depends on the fume burst pattern,

Py is the probability of defeating the airamft from a burst in
dx dy dx, omputed from the simulator data.

It should be noted that, in computing the probability of defeating
by a single shot, the funotion in the above triple integrsl must
sresent the probabllity that the - ix defeated by a burat
the element &x dy dz. For a multiply vulnersble airoraft this fumotion
take account of the nuhers of compoments in each of the sets of oompo-

s whisch must be damaged in oxder to defeat the target, and of a swmmtion,
: to that sbove, over the various olasses of componants in the aircraft,

I‘gé

g!i

The caloulation of the probebility of defeating the target with a
. of shots is more complicated, and involves the acownulation of dmmage
of the classes of components during the engagement, An example
adcul“ tion, involving the use of the Mark 1 simulatar, is given
Reference 6. . ‘ .
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APPEDIX A,

Desoription of the Maxk 1 Simulatar

This simulator is at present in operation at the AD.E, Fort Halstead.
A diagrammatic sketoch is given in Pig, 7. It employs a Cartesisn system of
ovordinates, the x and % axes being horisontal and the y axis vertiocal. The
simulator is arranged so that the optical head moves in the dirention of the
y axis only, while the target assembly moves in the x and z directions

Fig, 8 shows the details of the optical head originally planned for
this simulator, The light source, at B, is as near a point source as can be
obtained commercially., The light is confined to a oconiocal beam by the edges
of a diso and qylinder, as shown in the figure, and this beam is initially
gymmetrioal about their common axis, The dimo and oylinder are fixed relative
to the light souroce in the x and y directions and move in the x directiom,
governing in this movement the beam limits, 6, and 6, which are set direotly
from a graduated scale, The light assembly is pivoted about an axis EB'
through the source parallel to the x axis, This movement is to allow for
the sett of the angle between the misxile course and the s axis, and its
magnitude ( £) depends on the line that this axis representst e.g. if the
2 axis represents the relative velocity line, thenm £ =y, The assembly is
rotatable about the axis (sz') in order to bring the setting £ into the
ooumon velocity plane.

An additional setting is necessary if the distorted fragment beam
(allowing for target travel) is required, this being a movement of the light
souroe within its housing in the common velocity plane parallel to the target
ocourse, To simplify construction, provision for this last setting and for
rotation about the axis BB* was not made in the optical head finally produced.
Por angle-off attacks this leads to the choice of the central trajectory as
s axis since, with this choioe, allowance for target travel is most easily
made. This omission will be made good in the Marks 2 and 3 simulators now
being produced, '

Two types of target are being used at present, Thay are:~

(a) A 3011 wooden model. This type is used in problems involving the
struoture of the airoraft,

(b) A skeleton model, This is a bare skeleton of the aircraft struo—
ture, made of wire, with the components fitted into it ‘in solid
fom.

The target is moved along a guide rail parallel to its axis to
allow target travel during fragment flight to be simulated., 4s this apparatus
does not allow a close approach of the target to the light assembly, the rail
is omitted wherever possible., When a head~on or tail-~on attack is considered,
the motion of the target is along the =z axis, and may be allowed for by using
the existing movement in this direction, or by setting up the optical head to
simulate the relative fragment beam,

As a preliminary to the working of a problem the target must be set
up in its correct position and orientation with respect to the optioal head.
The system for setting up oan be followed on Mg, 7.

The terget is mounted through its cemtre O on a vertical bar (M about
which it is free to turn in a plane perpenaioular to the bar. The bar is
itself mowted on a right-angled arm MMP, in which MN is horisontal; and NP
initially vertical, and the arm oan be rotated about a horisontal axis FQ,
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level with O. A seoond right-angled arm QRS (QR vertical and RS harizontal)
supports the first, and the whole structure turns about a vertical axis ST

directly below QM.

The point T can be moved along a horizontal bar parallel to the
s axis, and variation of the x coordinate oan be achieved by lateral movement
of the bar itself in the x direction.

The y oocordinate is fixed by vertical movement of the light source
along a bar parallel to the y axis,

In the present set—up of the simulator, the arm QRS is fixed so that
SR is parallel to the x axis and hence OPQ is the x axis. Only two of the
possible three angular displacements of the target will therefore be allowed:

(1) rotation sbout (M i,e, ebout the y exis, to adjust angle B if the
VR line is chosen as the 5 axis or B if the central trajectory is

chosen,

(44) rotation about OPQ i.e. sbout the x axis, to adjust angle A if the
VR line is chosen as the x axis or 6 if the central trajectory is
sen.

The target is in the gero position when the x and £ readings on their
reapective scales are zero and the target is horisontal and pointing in the
positive s direotion i.e, towards the light source,

Three possible types of engagement will be considered separatelys
(1) Head-on attack.
(11) Direct approacher,
(111) Crossing target.

The methods for setting up the target will be considered separately
and described in detail for the case in which the VR line is chosen as the
z axis, Jf the central trajectory is chosen as the z axis the procedure is
similar - the only variations being the magnitudes of the angular rotations,

(a) Head—on attack

In this type of engagement the relative velocity line is also the
central trajectory and in line with the target oourse, Henoce the
angles A, B and C are all zero and the only veriable parameters are
the coordinates (x, y, 2) of the burst position,

The coordinates x and g are fixed by movement of the base point T a
corresponding distance from the mero position in each direotion,
The movements take place in the negative x and z direotions as it
is the target, and henoce the origin, which is being moved.

Movement of the light souroce an appropriate distance y in the posi-
tive direction adjusts the third ooordinate, The light source
then has coordinates x, y, £ relative to the target centre,

(b) Direct approacher

For the direct approaching target the coordinates x, y and £ are
fixed as in the case of head-on attack considered above,

The central trajectory and the target oourse - and oonsequently the
relative velocity line are in the same verticsl plane (the ocommon
velocity plane) and hence the angles § and B are both sero, while
0= nand A = co
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The final set-up 1s achieved by twrning the target from the msero
position through an angle A sbout the sxis FQ,
(o) Orossing target

The positions of the target centre and the light source are again
fixed as desaribed above, The orientation of the target ocourse is
achieved by twrning the target from the sarc position through an
angle A about the axis PQ and angle B about the axis OM where A and
B are given by equations 2 and 3 in para, 3.2,

In practiocs the given data will not always inoclude the rectanguler
Cartesian coordinates x, y, 5 of the burst pasition explicitly, and it may be
necessary to derive these parameters from those of anothear ocoordinate system.
The system most likely to be used 1s defined by ¢ r, x ox ¢, B, x whare

¢ = angle between the common velooity plane®™ and the plane oontaining the
Vg line and the bur'st point (mbsequently referred t6 as the ¢ plane)

r = parpendioular distance from the bwst point to the Vp line

R = distanoces between the target centre and the burst point, at the instant
of burst

5 is the usual Cartesisn ocoordinate smd r* + x® = B,

If y ix defined as the angle between the yx plane and the commem
velocity plane then the angle between the yx plane and the ¢ plame is v % ¢,
the sign being positive if y and ¢ are both measursd from the yx plane in the
same d:lroot;.on. (The case of head-on attack is considered separately laten
in the text).

The Cartesian coordinates of the point ¢, r, = are therefore giwen hy
the following equations:

x=rsin(v +¢),

y=roos(ved),

5 = X

In order to solve the above equations it is first necesssury to

caloulate ¥, Now the magnitudes of the components of the target veloaity
along the x, y and 5 axes respectively aret~

U sin C sin v,

U ain C oos v,
and U oos C,
From Fig. 2 wo see that these magnitudes may be written respectively ass-

U ain B,
U oos B =in A,
and U oos B oos A,
so that U»in O sin y = U 8in B,

" ® (Ocomon velocity plane: plsne oontaining the target course,
oentral trajectory and Vp line,
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and Usin Coos v x U cos B sin A;
fen B
therefore tan v = sind
The target and light assmmblies having been set wp in their relative

positiona by moverents along the x, ¥y and x sxwx, and the target rotated into
the oorrect orientation, tha *Eynmio besm’ limits sre met on the optical head,
The 1ight head is then rotated about BB by the sngle £ (asmming that this
movement be possible) snd then abowt the axis pi el to the x axis to bring
the former movement into the cotmon velocity i.e. through the angle ¥,

B' initially pavallel to the x + The positions ad orienta-
tions of the light head and farget mow repressnt the exact engagament oonditions
at the inatant of burst.

To allow for target travel a method of succeszive approximation is
used, The distances travelled by the target and fragment are in the ratio of
their velocities, (U/¥p), Vy is a functicn of distanoce but the ratioc U/Vy
msy be previously determined as a fimation of distance of fragment travel.
Fron a suitable graph the corresponding targst travel is obtainshle for any
given distanoce of fragment travel. The method iz as followst

(a) Measure the distance between the 1ight sowroe and the oomponent at
the instant of burst (with a pair of calipars). This is taken as
a first approximation to the fragment travel, snd the corresponding
targat travel is obtained from the graph,

(b) The target is moved along its course hy this amount.

(o) Measwre the distance betwsen'the light sowrce snd the new positiom
of the component and obtain the corresponding target trawvel,

(d) The target position is sdjusted mo that its distance from the
original position is the new target travel distanoe.

(®) This procedure is repeated wuntil the adjustment of the target
position necessary is less than six inches full scale, Thisx
should not require more than two settings, unless the target
velooity is very great,

At this point it is possible to determine whether the component im
struck by fragments and to measures its distance from the point of burat, This
process is repeated for all vulnerable components likely to be struck and the
infamation recorded in an appropriate teble, In the case of large camponenta,
it may be necessary to record a range of distances corresponding to elements of
the component.

Neasurement of solid angle is achieved on three screens, A, B and C
perpendiocular to the x, y and x axes respectively, Charts are attached to
the A and C soreens, calibrated in s series of suall areas each subtending
the sme unit of solid angle at the light souroe, Movement of the light
sourcé takes place in the y direction only (i.e. parallel to these two screens)
and for every displacemsnt of the light sowoce, the charts are moved wp or
down the sareens corrsspondingly.

T g’




Oalibration of the B sareen was not prasticable sinoe the perpen~
dioular distance betwsen the light souwrce and this sareen is variahle, and
the sizes and shapes of the areas subtending unita of solid angle at the
light sowroe are therefore also variable, It was consequently neocessary to
caloulate separately the solid angle subtanded by the portion of the shadow

which falls on the B soreen, and a method for doing so is desoribed below.

5.1 Calibration of the charts for the A and O sareens

. The oslibration of the charts depends upon the ariemtation of the
axis of the besm relative to the sareena and the distances between the screens
and the light sowve, and is most easily achieved by first calibrating a |
screen which is perpendioular to the axis of the cones and then projecting
this grid into a screen with the specified orientation and at the desired distance, |

The fragaents from a fragmanting missile sre projected within the
region between two cones of semd~angles 8, and 6, with common axis along the
axis of the mismile (see Pig. 4). ©, and O; are defined ms the besm limits and
8y = 6, as the width of the fragment beam,

If the bemm of light representing the fragment beam is thrown om to
a sareen which is perpandicular to the axis of the cones, and at a distanoe
K from the 1light source, the illurinated area consists of the region between
two oirocles of radii K tan 6, and K tan 6y, and with oommon centre on the axia
of the cones, For a chosen value 8! K, oonosntric circles are drawn with
radii K tan 6 for values of 6 at 2i° intervals between 0 and the highest ©
value permitted by the dimensions of the sareem, thus indicating the boundaries
of the areas on the mareen which are illuninated by bemms of various widths.
The s0lid angle subtended at the light souroe by the area between two circles
defined by 6., and 6yy; 4is given by 2#{cos Oy = COB Opyy) Where 6Oy < Opyy <7,

This expression is eveluated for each pair of adjacent circlies, and
the area divided into oonvenient units of solid angle by sets of radii,

The calibration of any other screen oan then be achieved by projec—
ting the above grid from the light souroe into the required plane; a family of
oonio sections corresponding to the oircles and a set of conourrent straight
lines taking the place of the radii, Each chart must be maved up and dowm its
screen in sympathy with the movement of the light source, so that the point
which is the projection of the centre of the circles is always on the axis of
the light cones.

5.2 B sareen Caloulations

The calculations required in estimating the value of the s0lid angle
subtendsd at the light source by the shadow om the B sareen involves a great deal
of oomputation, and it has been found demirable to formulate a method of
approximation for obtaining these values. Such a method necessarily depends
upon the spproximations which may be made under the conditions of the particular
engagement problem in question and although the method described below has been
used so far, it may need to be adapted in future work.

The outline of the shadow is sketched on paper, on which are also
marked besm angles at 23° intervals as on the calibrated charts, and the areas
of shadow between adjacent besm angles are msaswred,

If 1, is the distanoce between the light source and the ocentre of the
shadow in the tth 2}° xone betwsen adjacent bemn angles, and 4 is the perpen—
dicular distance of the light source- from the B screen, then the angle 6; between
the lines along which 14 snd 4 are measured is given by

] ] ei = mic



If the erea of the shadow falling within the 1PR gone be dencted by
8y then the solid angle subtended by 84 at the light souroce is spproximately

8400863 84
T
provided that S; is small compared with 1.

The measurementa required from the simulator are therefare as follows
(1) The area of shadow in each angular fone,

(i1) The distances of the light mource from the ocentre of the shadow in
each angular zone,

(i11) The distanoce of the light souroe from the B sareen.

The appropriate groups of the solid angles derived as above are then
added to give the total solid anhgle subtended by the relevant parts of the
target which are illuminated by the beam widths under oconsideratiom,
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AFPERNDIX B
Desoription of the Mark 2 Simulator

The Mark 2 simulator can be regarded as a re-~design of the Mark 1,
Its oonstruotion was undertaken by the Mollart Engineering Co. Lt&,, Surbiton,
and should be complete by the end of 1953.

Several changes in detail have been made from the Mark 1 simulator,
among which ares-

(a) The Cartesian coordinate system, previously chosen for defining the
relative position of the target and the burst position of the
projectile, is discarded in favour of the oylindrical poler system
defined in paragraph 3.1 of the main text. This step has been
taken to standardise coordinate systems with the V.T, fume buwrst

pattern model soale apparatus within the Armement Design !ntabliahnnt,

so that burst pattern data ocan bs transferred directly to the sim-
lator. The qylindriocal polar system will also allow successive
setting of many different burst positions with the minimum of effort.
Using this system it has been possible to substitute one rotational
for one tranalational setting, with a consequent' reduction in weight
and spaoce.

(b) The x axis of the simulator is vertioal and movement in r is hori-
zontal, No long centilever suspension of the target is therefore
necessary and the consequent loss of acouracy is awvolded.

(o) Three angular rotations of the target are posmible in the Mark 1
apparatus, the two most convenient being used in any given problem.
If, however, one angular setting of the target model is made in the
common velooity plene then only one other setting need be used to
give the correct target orientation., This latter ocmbination is
the one adopted for the Mark 2 simulator.

The derivation of these two settings from any method of specifying
the target orientation is a simple caloulation.

(@) Measurement of solid angle is obtained by counting the number of
relevant units covered by the shadow of the component concermed on
a portion of graduated glass sphere, centre the light souroe.

A goneral arrangement of the simulator is shown in Fig, 9. The
light sowroe A, which is secured to a oonorete pier B, is similar in principle
to that originally designed for the Maxrk 1 simulator, It can rotate about a
vertical axis, The axis of the light source may be twrned from the vertiocal
through the angle Y in order to allow the setting of the angle between the
missile axis and the relative welocity line (in cases where the relatiwe
velocity line is chosen on the 5 axis)y may take all values wp to 30°,
Rotation of the light source is power operated by means of the selayn motor C
which is run from a transmitter D, with manual oontrol.

The whole target assembly moves in the r coordinate direotion
along horigontal bars E, the movement being ocontrolled by the handle P, The
g motion is controlled by the handle G, and vernler scales are provided for
this and all other readings, The ocoordimate ¢ is adjusted by the aympathetio
rotation of the optical head end the target assambly about vertiocal axes, the
selsyn motor on the target assembly being at H,

The target sircraft fits over the tube X, and two rotations, one
sbout the tube and the other through the bush L, pmvido the mesns of setting
the target oriemtation, Target trawel is measured slong the tube K,
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A glass quarter sphere is rotated about a horiszortal diameter
through the light souwrce in such a way that three quarters of the complete
sphere oan be represented, This quarter sphere is oalibrated in units of
0.001 steradians, and the solid angle mubtended by any part of the target
alraraft is assessed by counting the number of such units ocovered by the
shadow cast,

It will be appreociated that the operation of the Mark 2 simulator is
similar to that of the Mark 1, and the differences mentiomed in para 1 of this
‘Appendix have little effect on the general schems of working,

The apparatus is operated by first setting the deviation y of the
axis of the optiosal head from the x axis, and rotating the head about the
vertical axis to ensure that this setting is made in the wertical plane
oontaining the light source and the target cemtre. The target direotion
of flight is then set in this plane and the selsyn motors activated to
obtain sympathetioc rotation of the optical head and the target assembly about
their respective vertical axes.

The orisntation of the target cowrse with respect to the x axis,
asmaring the latter to be the direction of relative velocity of missile and
target, can be obtained bys

{a) rotation of the airaraft on the tube K through the angle §,
where 0 is defined by

oot § = tan 6/sin B
(b) rotation of the assembly through the bush L through the angle (7~ ).

These rotations should be mades in the above order; it should be
understood that the zero position of the plane of the wings of the target,
from which the setting & is made, is vertical and perpendicular to the plane
ocontaining the light souroce ani the target oentre,

The polar coordinates of the point of burst with respect to the target
oentre can then be set on the simulatar,

Certain characteristios of the apparatus should be mentioned,
which (before any operating experience has been gained) do not appear to
1limit the use of the simulator unduly!

(a) due to the position of the quarter sphere, a value of r greater
than 200 £t. at 1/72 scale camot be obtained: this is wnlikely
to be a serious limitation.

(b) values of = up to 36 ft. below, and 1) ft. above, the light source
can be obtained at 1/72 scale: this is likely to be sufficient.
Both this range and that in (a) above can be extended by change of
soale,

(o) there are some regions with r less than about 30 f£t, in which the
light head obstructs the target support. This is likely to affect
at all seriously only those problems involving projection of frag-
ments within a oone of semi-sngle 20° forward from the missile,
Such regions can be adequately represented on the Mark 1 aimulator
and, it is hoped, eventually on the Mark 3,




(2) the range of the angles 6, and 6, is O to 135° measured from the
forward axis of the optioal heads: some mmall smount of obscuration
is caused by suwpports for the forward diso which is removable,

(s) the 1imit of target travel is 60 ft, full mosle = this is likely
to be m@nt‘. ’

[P
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APPENDIX ©
Desaription of the Mark 3 Similator

At the ssme time as discussions took place regarding the construction
of the Mark 2 simulator, a ooniract was placed with the General Eleotric Company
at North Wembley to investigate methods of recording automatically the solid
angle subtended by the components of the airaraft at the point of burst of the
missile, The recording of molid angles in previous models was jJudged to take
the major part of the operator time, and was therefore the measurement which it
was most desirable to make automatic.

An apparatus has been suggested by the G.E.C. which in practice
replaces the optical head and the sphere in the Mark 2 simulator and which has
been assigned the name 0SAC (optical solid angle counter), It is envisaged
that the OSAC will be mounted in a mamner similar to the optiocal head of the
Mark 2 simulator and that the coordinate system, and the possible translations
and orientations, will be identical with those of the Mark 2, To allow closs
approach, however, it is likely that the target assembly will be supported from
above by a suitable framework,

The design of the OSAC has been confirmed as suitable by the A.D.E,
and detailed design work is about to commence (July 1953). Delivery of one
prototype is anticipated in June 1954, and the design of the necessary
mechanical espparatus to provide the orientations and translations will be
undertaken by the Mollart Engineering Company,

A block diagrem of the demign of the OSAC im shown in Pig. 10, and
general arrangement drawings in Fig. 11. The spparatus projects & parrow
parallel beam of light as from the centre (on a rotating mirror within the
turret head), of an imaginary sphere, this centre Tepresanting the position of
the exploding missile. The beam can scan the region of upace which allows the
angles 6, snd 6,%to have any values between 0 and 1350, measured from the upward
vertical through the turret head. The apparatus is placed in the correct orien-
tation and position with respect to the targst, which is painted matt white.
Reflection from the target when struok by the light beam operstes a gate circuit
(A in #1g. 10).

A mnall sphere (shown in the left hand drawing of Fig. 11) has been
indented along a spiral path in such a way that the untouched surface between
indentations is of constant area and therefore represents a oonvenient wnit
of solid angle., On to this sphere is directed a second beam of light and the
reflections from each of the small aress of the surface of the sphere may be
counted on an slectronic counter. The sphere and the apparatus producing
the counting signal may be rotated in such a way that reflections from all the
mmll surface areas may be counted in succession, and the mirror in the turret
head turns so that the original beam of light is always projeoted in the
direction normal to the amall area illuminated, This 2ight beam, therefors
passes through a unit of s0lid angle on the imaginary sphere corresponding to
that illuminated on the mall sphere,

As the counter is oantrolled by the gate A, oounting takes place
only when the original light béam strikes the target airoraft, and by this
means the mumber of mmall surface areas for which the target is illuminated
may be recorded. The solid angle subtended by the target follows by direct
multiplication of this mmber and the wit of solid angle subtended by the
small areas,

The soan of the imeginaxy sphers can be limited by a devioce which
operates gate B in Fig, 10, and allows counting only within the chosen limits

B L
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6, and 6, This device iz shown as the programme disc assembly in Pig, 11,
which also shows the centre of the imaginary sphere in the turret head,

In order to exclude stray light during operation, the simulator is
likely to be enclosed ln a light proof screen, fitted with suitable interlooks
for switching general lighting inside. In order to alter any rotational or ji
translational setting, this screen must be opened and it has been thought f
desirable to investigate remote control of the following movements:~ ‘

(a) the translations in the z and r directions,
(b) the rotation @,
(o) the target travel along its course.

If remote control of these movements proves difficult or expensive,
it may be desirable to limit it to the motion in the z direction, this being the
most used. As the target travel varies with any change in r, ¢ or &, remote
ocontrol of any one of the coordinates necessitates remote control of the
target travel setting to make it worthwhile., There is no requirement for
remote control of the setting of 6, and 6,, as thim is occasional only,

The setting up of the simulator with regard to the orientation of
the OSAC and the target, and the polar coordinates of the position of burst
of the misslle, are envisaged as being exactly as for the Mark 2 simulator,
The likely method of operation is to make the setting of z last and to rum
through a series of positions of z keeping r, ¢ and the other settings fixed;
the other coordinates could then be altered in turn and the procedure repeated.

For each point (r, ¢, %) set on the similator the solid angle subtended
by a particular camponent at the point of burst of the missile can be asaessed;
individual components must be treated separately, owing to the inability ofthe
0SAC to distinguish between them,

Since a gero solid angle indicates that the component is not struck
by the fragments under the particular conditions conoerned, the value of
solid angle provides the greater part of the informetion stated as required
in the Introduction to the main text. It remaine to determine the distance
of the burst from the components struck, This can be measured directly by
means of calipers,

It has been suggested, however, that this distance can be calou-
lated directly from the parameters defining the engagement, and that the
OSAC. should be regarded only as a device for obtaining values of solid angles
which cen be fed into a programme for an electronic computing machine. As
the solid angle is the only quantity which does not lend itself to evaluation
by this type of machine, it seems logical that the Mark 3 simulator should be
used in conjunction with such a machine, and this method of use will be
investigated.

The following characteristics of the Mark 3 simulator relating to
the OSAC have been laid down:

(a) the closest approach to the apperent centre of the OSAC (the rota-
ting mirror in the turret head) should represent 10 feet when the
scale is 1/72,

(b) the limits of the setting of y on the OSAC should be % 30°,

(o) rotation of the OSAC about a vertical axis should be through 360°
but it should not be continuously rotatable. This was laid down

to avoid slip ring connections, =
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(d) the limits of setting of 6 and 6, should be 0 to 135° measured from

the formrd axis of the missile,

(e) the limits of inaoccuraqy of measurement of molid angle should be * 1%

on an area of 300 square feet at 200 fest full scale, This inacouracy
increases linearly with decrease of ares af a given distanoe, and
decreases as the square of decrease of distance for a given area,

(f) the cycle time for setting snd somming should not be more than one

minute; faster speeds may be achisved in the final design.
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